Reliability properties of metal-oxide-semiconductor capacitors using HfO2 high-k dielectric by C. H. Chen
Reliability properties of metal-oxide-semiconductor capacitors using
HfO2 high- dielectric
Chun-Heng Chen, Ingram Yin-Ku Chang, Joseph Ya-Min Lee, Fu-Chien Chiu, Yan-Kai Chiouand et al. 
 
Citation: Appl. Phys. Lett. 91, 123507 (2007); doi: 10.1063/1.2786588 
View online: http://dx.doi.org/10.1063/1.2786588 
View Table of Contents: http://apl.aip.org/resource/1/APPLAB/v91/i12 
Published by the American Institute of Physics. 
 
Related Articles
Electron detrapping in thin hafnium silicate and nitrided hafnium silicate gate dielectric stacks 
Appl. Phys. Lett. 100, 023501 (2012) 
A comprehensive study on the leakage current mechanisms of Pt/SrTiO3/Pt capacitor 
J. Appl. Phys. 111, 014503 (2012) 
Accurate evaluation of interface state density in SiC metal-oxide-semiconductor structures using surface
potential based on depletion capacitance 
J. Appl. Phys. 111, 014502 (2012) 
The origin and consequences of push-pull breakdown in series connected dielectrics 
Appl. Phys. Lett. 99, 263506 (2011) 
Coherence in a transmon qubit with epitaxial tunnel junctions 
Appl. Phys. Lett. 99, 262502 (2011) 
 
Additional information on Appl. Phys. Lett.
Journal Homepage: http://apl.aip.org/ 
Journal Information: http://apl.aip.org/about/about_the_journal 
Top downloads: http://apl.aip.org/features/most_downloaded 
Information for Authors: http://apl.aip.org/authors 
Downloaded 17 Jan 2012 to 140.114.195.186. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions
Reliability properties of metal-oxide-semiconductor capacitors using HfO2
high- dielectric
Chun-Heng Chen, Ingram Yin-Ku Chang, and Joseph Ya-Min Leea
Department of Electronics Engineering, National Tsing-Hua University, Hsinchu 30013, Taiwan, Republic
of China and Institute of Electronics Engineering, National Tsing-Hua University, Hsinchu 30013,
Taiwan, Republic of China
Fu-Chien Chiu
Department of Electronics Engineering, Ming Chuan University, Taoyuan 33348, Taiwan, Republic of China
Yan-Kai Chiouand and Tai-Bor Wu
Department of Materials Science and Engineering, National Tsing-Hua University, Hsinchu 30043, Taiwan,
Republic of China
Received 11 July 2007; accepted 29 August 2007; published online 19 September 2007
Metal-oxide-semiconductor capacitors with atomic layer deposited HfO2 dielectric were fabricated.
The charge-to-breakdown QBD characteristics of the metal-oxide-semiconductor structure were
investigated. The Weibull slopes  with thicknesses of 9.12, 8.2, and 6.51 nm are 3.42, 2.90, and
1.83, respectively. Using the cell-based analytic model, the defect sizes a0 were extracted to be
about 0.98 and 1.64 nm for exponent  values of 0.6 and 1, respectively. A comparison with
conventional SiO2-gated capacitors was made. © 2007 American Institute of Physics.
DOI: 10.1063/1.2786588
With the continued scaling of complementary metal-
oxide-semiconductor CMOS transistors, the issues of gate
leakage current, static power consumption, and gate dielec-
trics reliability become more important. Recently, high-
dielectric-constant high- materials have been widely re-
searched to replace SiO2 beyond the sub-45 nm technology
node.1–3 Among the various high- dielectrics, HfO2 has
been considered as the most promising candidate. The HfO2
high- dielectric has many outstanding characteristics4–6 in-
cluding a large bandgap, a relatively high dielectric constant,
and excellent thermodynamic stability. However, the reliabil-
ity characteristics of HfO2 have not been fully investigated,
especially on the intrinsic breakdown mechanism. In this
work, MOS capacitors with HfO2 thin films were deposited
by atomic layer deposition ALD. A constant current stress
CCS was applied to MOS capacitors and the charge-to-
breakdown QBD was used to study the measured breakdown
mechanism of HfO2 high- dielectrics.
100 p-type silicon wafers 1–5  cm were used as
the starting substrates. The Si wafers were cleaned by
standard RCA process and dipped with dilute HF solution
0.5%  for 30 s to remove the native oxide before deposi-
tion. The HfO2 thin films were grown at 200 °C on p-type
100 Si substrate in a vertical-type ALD reactor.7 The gas
pressure of the reactor was kept at 1 torr during the deposi-
tion process. Tetrakisethylmethylamino hafnium TEMAH,
HfNC2H5CH34 and water H2O were used as precur-
sors and argon Ar was employed as the carrier and purge
gas. The flow rate of argon was fixed at 200 SCCM SCCM
denotes cubic centimeters per minute at STP. The TEMAH
precursor was held in a stainless steel tank heated in an oven
at 100 °C to yield enough vapor pressure. In this work, the
duration of pulses per cycle of ALD is 2/3 /2 /3 s in the
sequence of precursor/purging gas/oxidizing gas/purging gas,
respectively. After HfO2 thin film deposition, a postdeposi-
tion annealing was performed at 400 °C in N2 ambient for
60 s. The aluminum Al electrodes were deposited using
reactive dc magnetron sputtering. The thickness, refractive
index, and energy bandgap of HfO2 films were measured by
N&K analyzer. All the I-V and V-t measurements of MOS
capacitors with HfO2 were carried out using Keithley 236.
To study the breakdown mechanism of the HfO2 thin
films, CCS tests were performed using MOS capacitors. In
these tests, the electrons were injected from the top electrode
to cause the breakdown of HfO2 thin films. The charge-to-
breakdown QBD is a statistically distributed value. The sta-
tistics of dielectric breakdown is usually described by the
Weibull distribution,8
FQ = 1 − exp−  QQ63
	 , 1
WQ = ln− ln1 − F =  ln QQ63 , 2
where FQ is the cumulative fraction of breakdown devices,
Q is the charge-to-breakdown,  is the Weibull slope, and
Q63 is the scale factor of the distribution.
Usually, ln-ln1-F is plotted as a function of Q and
this will yield a straight line. Figure 1 shows the Weibull
distribution and cumulative failure of HfO2 9.12 nm with
various stress current levels and capacitor areas. The basi-
cally parallel slopes suggest that the Weibull slopes are inde-
pendent of stress current level and capacitor area. Figure 2
shows the Weibull distribution and cumulative failure with
various HfO2 thicknesses. The Weibull slopes  with HfO2
thicknesses of 9.12, 8.2, and 6.51 nm are 3.42, 2.90, and
1.83, respectively. The Weibull slope decreases as the thick-
ness decreases. The percolation model9 for dielectric break-
down can be used to explain the thickness dependence of
Weibull distribution. The breakdown path for thicker oxidesaElectronic mail: ymlee@ee.nthu.edu.tw
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consists of a larger number of traps and the spread on the
trap density necessary to generate such a large path is
smaller.
The concept of defect size in the percolation model was
introduced in the literature.9 In this work, a physics-based
analytic model10 for the breakdown statistics was used and
the defect size a0 of HfO2 thin film was extracted. Figure 3
shows the schematic picture of defect generation and break-
down path in the cell-based analytic model. The oxide layer
is assumed to be divided in columns of area a0
2 and thickness
Tox. Each column is subdivided in n=Tox/a0 cubic cells of
volume a0
3
. After stress, the defects are generated at random
in the oxide bulk and the generation of one defect is modeled
as the switch of a single cell to a defective state. The cell
cumulative failure distribution is defined as10
Fcell = ,  0,1 , 3
where  is the fraction of defective cells.
Therefore, the cumulative failure distribution FBD
and the Weibit WBD Ref. 10 are given by,
1 − FBD = 1 − nN, 4
WBD 
 ln− ln1 − FBD = ln− N ln1 − n , 5
where N=Aox/a0
2 is the number of columns and Aox is the
oxide area.
To deal with the breakdown mechanism,  is related to a
measurable stress variable such as the charge-to-breakdown
per unit area Q by a power law,8,9
Q = Q, 6
where  is the exponent and  is a constant.
When Eq. 6 is substituted into Eq. 5 and the slope of
the Weibull slope can be given by
 =
tox
a0
 . 7
If the exponent  is known, the defect size a0 can be ex-
tracted.
Figure 4 shows the comparison of Weibull slopes with
different oxide thicknesses for various high- materials. The
Weibull slopes of some materials9,11–13 such as SiO2, HfO2,
Dy2O3, and La2O3 are thickness dependent, but the
others14,15 such as ZrO2 and Al2O3, are not. It was suggested
FIG. 1. Weibit left axis and cumulative failure right axis of HfO2 MOS
capacitors with different areas are plotted as a function of charge-to-
breakdown QBD under different stress current levels. The HfO2 thickness
is 9.12 nm. The capacitor areas are 100100 and 300300 m2.
FIG. 2. Weibit left axis and cumulative failure right axis of HfO2 MOS
capacitors with various thicknesses are plotted as a function of charge-to-
breakdown QBD. The HfO2 thicknesses are 9.12, 8.2, and 6.51 nm. The
capacitor area is 100100 m2.
FIG. 3. Schematic picture of defect generation and breakdown conduction
path in the cell-based analytic model.
FIG. 4. Comparison of Weibull slopes with different oxide thicknesses of
various high- materials.
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that the breakdown of Al2O3 is determined by process-
induced defects.15 The HfO2 data in Ref. 11 and this work
were chosen to extract the defect size a0. The exponent  in
Eq. 6 was determined to be 1 Ref. 10 and 0.6.9 If =1 as
suggested in Ref. 10, the defect size would be a01.64 nm.
If =0.6 as suggested in Ref. 9, then a00.98 nm. Table I
shows a detailed comparison of the defect sizes of HfO2
deposited by different techniques with those of SiO2. The
results suggest that the defect size of HfO2 is similar to that
of SiO2.
MOS capacitors with ALD HfO2 thin film were fabri-
cated. The charge-to-breakdown properties of HfO2 were in-
vestigated. It was shown that the Weibull slope are indepen-
dent of stress current level and capacitor area. The Weibull
slope increases with increasing oxide thickness which is in
agreement with the percolation model. The defect sizes of
HfO2 extracted by the cell-based analytic model are about
1.64 and 0.98 nm for the exponent  values of 1 and 0.6,
respectively.
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TABLE I. Comparison of the defect sizes of HfO2 films deposited by dif-
ferent techniques and of conventional SiO2.
Exponent  Case Defect size a0 nm
0.6a SiO2a 0.9
0.6a SiO2b 1.52
0.6a HfO2c 1.35
0.6a This work 0.98
1b SiO2b 2.34
1b HfO2c 2.25
1b This work 1.64
aReference 9.
bReference 10.
cReference 11.
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